Heat shock proteins (HSPs) are typical intracellular chaperones which also appear on the cell surface and in extracellular milieu. HSP90, which chaperones many proteins involved in signal transduction, is also a regular component of LPS-signaling complexes on Mf. As LPS is a prototypical PAMP, we speculated that HSP90 is engaged in pattern recognition by professional phagocytes. In this report, we provide the first evidence, to our knowledge, of the geldanamycin (Ge)-inhibitable HSP90 on the surface of live monocyte-derived Mfs (hMDMs). Using cytometry and specific Abs, we showed both HSP90 isoforms (a and b) on the surface of human monocytes and hMDMs. The cell-surface HSP90 pool was also labeled with cell-impermeable Ge derivatives. Confocal analysis of hMDMs revealed that HSP90-inhibitor complexes were rapidly clustered on the cell surface and recycled through the endosomal compartment. This finding suggests that the N-terminal (ATPase) domain of HSP90 is exposed and accessible from the extracellular space. To study the role of cell-surface HSP90 in pattern recognition, we used pathogen (PAMPs)-or apoptotic cell-associated molecular patterns (ACAMPs). We showed that blocking the cellsurface HSP90 pool leads to a dramatic decrease in TNF production by monocytes and hMDMs exposed to soluble (TLRs-specific ligands) and particulate [bacteria Staphylococcus aureus (SA) and Porphyromonas gingivalis (PG)] PAMPs. Surprisingly, in hMDMs the functional cell-surface HSP90 was not necessary for the engulfment of either apoptotic neutrophils or bacteria. The presented data suggest that the cell-surface HSP90 is a "signaling complex chaperone," with activity that is essential for cytokine response but not for target engulfment by Mf.
Introduction
Monocytes and Mf, along with dendritic cells create the mononuclear phagocytic system that is necessary to continually sense the extracellular environment and initiate an adequate systemic reaction [1] . Apparently, in the process of evolution, phagocytes were gradually equipped with complex mechanisms of pattern recognition, allowing them not only to identify different pathogens (PAMPs), but also to recognize the molecular patterns of selfderived, apoptotic (ACAMPs) or dying, damaged or stressed cells (DAMPs) [2] . Over the past decade, it has become clear, that studying single cognate receptor-ligand interactions belies the complexity of combinatorial receptor recognition by phagocytic cells [3] . The term "engulfment synapse" has been proposed to depict the synapse-like structures that detect complex molecular patterns on the surface of particulate antigens and integrate them into a nonredundant image [4, 5] . This type of recognition requires large membrane platforms composed of multiple PRRs and other molecules arrayed within lipid rafts. A precedent for cooperative recognition of a ligand by a synapse-like signaling complex has been established for LPS [6] . Numerous molecules that cooperate in LPS signaling including CD11b/CD18, CD14, CD16, and CD36 exist in proximity in the cell membrane, as indicated by FRET between molecules upon ligation with LPS [7] . Using similar techniques, it has also been shown that HSP70, HSP90, CXCR4, GDF5, and TLR4 localize to the site of CD14-LPS ligation within the lipid rafts [8] , further emphasizing the potential complexity of the phagocytic interface. LPS-stimulated monocyte HSP90 was unexpectedly also found in proximity to the lipid raft marker-GM1 and TLR4 in the plasma membrane by FRET analysis [9] -but the relation between HSP90 and TLR4 activity has not been elucidated so far.
The surface expression of HSP90, assumed for many years to be typical intracellular proteins, was described for the first time more than 30 yr ago as a tumor-specific antigen [10] . Over time, it became clear that, in cancer cells, surface expression of HSP90a is upregulated and associated with cell migration, invasion, and metastasis [11] [12] [13] , as well as in tumor immunogenicity [14] .
The 90-kDa heat shock protein, certainly the most unexpected member of cell surface receptor platforms, is an essential and ubiquitous molecular chaperone that interacts with .400 client proteins. HSP90 uses the energy generated by ATP binding and hydrolysis to stabilize proteins involved in signal transduction, protein trafficking, receptor maturation and innate and adaptive immunity [15] . Different cochaperones dynamically associate with HSP90 during the maturation of client proteins. They form binary or ternary complexes with HSP90 and regulate its function in various ways, such as recruitment of specific clients and acceleration or inhibition of ATP hydrolysis [16] . The HSP90 family includes two cytoplasm/nucleus localized chaperones, the inducible HSP90a and the constitutive HSP90b [17] . Even under nonstressful conditions, HSP90 comprises ;1-2% of total cellular protein content and its amount increases ;2-fold during environmental stress [18] [19] [20] . ATP-binding and hydrolysis are essential to the function of HSP90. The presence of an atypical ATP binding pocket in the N-terminal domain of HSP90 explains the remarkable specificity of the natural inhibitors Ge, Rad, and their derivatives. These highly specific inhibitors perfectly mimic the binding of ATP [21] , thus blocking the maturation of the client and leading to its proteasomal degradation. Currently, several HSP90 inhibitors have undergone clinical trials, and some of them remain under clinical investigation for cancer therapy and presumably in other treatments [22] . There are many reports demonstrating the effects of HSP90 inhibitors on inflammatory response in the immune system. It has been documented that Ge and its derivative 17-DMAG reduced production of TNF, IL-1, IL-6, and NO by Mfs stimulated with LPS, Taxol and IFN-g [23] [24] [25] . The secretion of proinflammatory cytokines by monocytes stimulated with mactinin, a fragment of cytoskeletal a-actinin was reduced after treatment with derivatives of Ge, 17-AAG, and 17-DMAG, as well [26] . The antiinflammatory effect of HSP90 inhibitors were also shown in mouse model of sepsis [27] .
Well known for its ability to maintain the conformation of unstable client proteins HSP90 could also exert its chaperone function on the outer side of plasma membrane where signaling requires conformational changes and lateral interactions between receptor proteins. It is particularly important to study the activity of HSP90 on Mfs because 1) HSP90 is constantly present in signaling complexes, 2) HSP90 is the only stress-induced chaperone that can be inhibited with extremely selective chemical inhibitors, and 3) some of the HSP90 inhibitors do not penetrate to the cytoplasmic compartment, allowing selective inhibition of cell-surface-associated pools. Clearly, any chemical inhibitor altering the recognition of molecular patterns by Mfs would have profound effects on inflammatory responses. The goal of the present study was to determine whether the presence and mechanochemical cycle of cell-surface HSP90 is necessary for cytokine response and target engulfment after pattern recognition by Mfs. The results reported below suggest a novel activity of HSP90, which may influence innate recognition of molecular patterns.
MATERIALS AND METHODS

Human peripheral blood monocytes and hMDMs
PBMCs were isolated from citrate-treated blood of healthy donors by standard-density gradient centrifugation (Ficoll-Paque PLUS; Amersham Biosciences, Uppsala, Sweden). To obtain elutriation-purified monocytes, PBMCs were subjected to counterflow centrifugation [28] . Finally monocytes were resuspended in RPMI 1640 (Thermo Fisher Scientific, Paisley, UK) supplemented with 2 mM L-glutamine, 50 mg/ml gentamicin (Sigma-Aldrich St. Louis, MO, USA), and 10% autologous heat-inactivated serum (autologous HS) or 10% FCS (Biochrom, Berlin, Germany) and plated at 0.5 3 10 6 /well in 24-well Cell+ culture plates (Sarstedt, Newton, NC, USA). To obtain monocyte-derived Mfs, PBMCs were plated at 4 3 10 6 /well in 24-well Primaria Corning culture plates or at 40 3 10 6 /well in 6 cm diameter Primaria Corning culture dishes (Corning Inc., Corning, NY, USA) in RPMI 1640 supplemented with 2 mM L-glutamine, 50 mg/ml gentamicin, and 10% FBS. After 2 h of incubation at 37°C in humidified atmosphere containing 5% CO 2 , nonadherent cells were removed by washing with complete medium. Adherent cells were cultured in complete medium supplemented with 12% pooled heat-inactivated human serum (HS) for at least 7 d. The medium was changed every 2 d. The hMDM phenotype was routinely controlled, after nonenzymatic detachment of cells, by immunofluorescence staining of CD14 (clone: T } UK4), CD16 (clone: DJ130c) both from DakoCytomation Denmark A/S (Glostrup, Denmark), CD11b (clone: ICRF44) and CD209 (clone: DCN46) both from BD Biosciences (Franklin Lakes, NJ, USA) and subsequent flow cytometry analysis. The cultures selected for further experiments were positive in at least 90% for the first 3 markers and in ,1% for CD209. The adherent cells acquired Mf morphology. Resting (nonstimulated) cells did not produce cytokines: IL-1, -6, and -10 and TNF.
Apoptotic PMNs
PMNs were obtained as described [29] . In brief, cells were isolated from erythrosediments by sedimentation in 1% polyvinyl alcohol solution (Merck, Hohenbrunn, Germany) for 20 min at RT. PMNs were collected from the upper layer, and contaminated erythrocytes were lysed with distilled water for 20 s. Pappenheim staining indicated that cells isolated in this way were at least 90% homogenous. PMNs were used after incubation for 24 h in RPMI 1640 supplemented with L-glutamine (2 mM), gentamicin (50 mg/ml), and 2% heatinactivated FCS in a humidified atmosphere containing 5% CO 2 
Measurement of TNF production
For TNF secretion measurement, supernatants were collected 6 h after stimulation and centrifuged at 500 g for 5 min to remove particulate debris and stored at 220°C. The concentrations of TNF were determined by ELISA with the OptEIA Sets (BD Biosciences) according to the instructions provided with each set of Abs. The assay was sensitive down to concentration of 7 pg/ml.
Surface expression of HSP90 on monocytes and hMDMs
To determine HSP90 expression on the cell surface elutriation-purified monocytes or hMDMs (after nonenzymatic detachment) were resuspended in PBS supplemented with 5% FCS and 0.5 mg/ml human IgG Fc fragment (EMS-Millipore, Billerica, MA, USA) and incubated for 30 min on ice. Then, the following anti-human HSP90 mAbs (clone: AC88, K3701, K3705, I6F1, 9D2, 2D12; Enzo Life Sciences, Farmingdale, NY, USA) or (NBP1-77682, NB120-2928; Novus Biologicals, Littleton, CO, USA) polyclonal Abs were added at concentration 10 mg/ml, and cells were incubated for 40 min on ice. After washing in ice-cold PBS staining with appropriate secondary antibody conjugated with fluorochromes: PE-labeled goat anti-mouse Ig (BD Biosciences), FITC-labeled rabbit anti-rat Ig (Abcam, Cambridge, MA, USA) and APC-labeled goat anti-rabbit Ig (Thermo Fisher Scientific) was performed for 30 min on ice. Finally, cells were analyzed by flow cytometry with an LSRII cytometer (BD Biosciences). Appropriate isotype-matched control Abs (R&D Systems, BD Biosciences, and eBioscience) were also used to determine nonspecific binding. The analysis was performed using the FACSDiva program, and the histogram plots were created with the CellQuest program (both from BD Biosciences).
The localization of GeB-HSP90 and FITC-Ge-HSP90 complexes documented by confocal microscopy To enable confocal microscopy analysis hMDMs were differentiated from monocytes as described above, but on glass coverslips submerged in culture medium in 3.5 cm diameter culture dishes (Sarstedt Inc.). For 3D image collection, live hMDMs were incubated for 15 and 30 min with GeB (20 mM) at 37°C, gently rinsed with culture medium, and incubated with CF640R-conjugated anti-biotin mouse mAbs (Sigma-Aldrich) for 15 min at RT. Alternatively, live hMDMs were incubated for 15 and 30 min with FITC-Ge (Invivogen) at 20 mM concentration at 37°C and then gently rinsed with culture medium. In both runs, before imaging cells were fixed with 4% methanol-free PFA (Thermo Fisher Scientific). In some cases, to visualize cytosolic compartment 24 h before experiment hMDMs were stained with PKH67 green vital stain (Sigma-Aldrich) according to the manufacturer's recommendations. To analyze the Rac1-dependency of Ge-HSP90 complex formation, live hMDMs were untreated or pretreated with Rac1 inhibitor (NSC23766; Calbiochem, San Diego, CA, USA) at 50 mM concentration for 30 min and then incubated with FITC-Ge at 20 mM concentration for 20 min at 37°C. After gentle washing, the cells were fixed with 4% PFA and labeled with Alexa Fluor 647-conjugated anti-human CD11b Abs (clone ICRF44; BioLegend, San Diego, CA, USA). To quantify the effect of Rac1 inhibition on Ge-HSP90 complex formation, 3D images were analyzed with ImageJ software [30] . Z-stack projections were created for each channel. Areas and the number of cells on each image were identified, with binary mask, based on CD11b staining. On this basis, the number of local fluorescence maxima (foci) per cell were calculated. Results are presented as the mean amount of foci per cell calculated for each field of view. The mean number of cells per field was 17 6 5, and the overall amount of analyzed cells was 250.
GeB-StrAv-PE complexes were prepared by preincubation of GeB with PE-conjugated streptavidin (StrAvPE; BD Biosciences) at molar ratio 4:1 for 30 min at RT in HBSS. Live hMDMs were placed in a microscope-stage microincubator, incubated with Alexa Fluor 488-conjugated anti-human CD11b Abs (clone Vim12; BD Biosciences) for 5 min, and the solution of GeB-StrAvPE complexes at a concentration equal to 20 mM GeB was added. Images were collected every 30 s for 30 min with a TCS SP5 II confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany). For verification of cell membrane permeability for GeB, confocal microscopy specimens were prepared as described in Table 1 , and 3D images were recorded.
All specimens of fixed cells were mounted on microscope slides (Thermo Fisher Scientific) with Prolong Diamond Antifade Mountant (Thermo Fisher Scientific) and analyzed within 1 wk. All images were acquired with the TCS SP5 II confocal microscope, with LAS AF software (Leica Microsystems GmbH).
Determination of cell viability
The effect of HSP90 inhibitors on cell viability was estimated with methods discriminating the basic types of cell death: apoptosis and necrosis. An early feature of apoptosis, phosphatidylserine exposure to the outer cell For DNA fragmentation assessment, monocytes seeded in complete culture medium were incubated with inhibitors of HSP90 for 5 h. After incubation cells were washed, fixed with 4% PFA and permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate solution using standard protocols. Subsequently, DNA fragmentation was detected by TUNEL staining using the In situ Cell Death Detection Kit (Roche, Mannheim, Germany) according to the instructions provided by manufacturer. TUNEL + cells were quantified by flow cytometry analysis. Cells treated with SA a-toxin (List Biologic Laboratories Inc., Campbell, CA, USA) served as the positive control [31] . For cytotoxicity assay, hMDMs cultured in RPMI 1640 supplemented with 2 mM L-glutamine, 50 mg/ml gentamicin and 1% FCS were incubated with inhibitors of HSP90. Supernatants were collected after 5 or 20 h, centrifuged at 500 g for 5 min and stored at 220°C. Cytotoxicity of inhibitors was assessed by measurement of lactate dehydrogenase (LDH) release using a Cytotoxicity Detection Kit (Roche) according to the manufacturer's protocol. Supernatants from Mfs subjected to sonication with Sonic Ruptor 250 sonicator (Omni International, Kennesaw, GA, USA) was used as a positive control.
Treatment with HSP90 inhibitors and immunofluorescence staining
To analyze the effect of HSP90 inhibitors on the expression of surface receptors on monocytes and hMDMs, the cells were placed in complete medium supplemented with 10% HS and treated with inhibitors for 4 h. After nonenzymatic detachment, the cells were resuspended in PBS supplemented with 5% FCS and 0.5 mg/ml human IgG Fc fragment (EMS-Millipore) and incubated for 30 min on ice. Then, the following anti-human Abs: PEconjugated mAbs to TLR2 (clone TL2.1; eBioscience, San Diego, CA, USA), TLR4 (clone HTA125; eBioscience), CD14 (clone MP9; BD Biosciences), and CD47 (clone B6412; BD Biosciences); FITC-conjugated mAbs to TLR1 (clone GD2.F4; Abcam), TLR6 (clone TLR6.127; Abcam), CD11b (clone Vim-12; Abcam), and CD16 (clone DJ130c; BD Biosciences), APC-conjugated mAbs to CD36 (clone CB38; BD Biosciences), and CD81 (clone JS-81; BD Biosciences), Alexa Fluor 700-conjugated mAb to CD64 (clone10.1; BD Biosciences), PE-Cy7-conjugated mAb to CD11b (clone ICRF44; BD Biosciences) were added and cells were incubated for 30 min on ice. Isotype matched control Abs were also used to determine nonspecific binding (R&D Systems, BD Biosciences, eBioscience). After washing with ice-cold PBS supplemented with 1% FCS, cells were resuspended and analyzed by flow cytometry using an LSRII cytometer (BD Biosciences). The analysis was performed using the FACSDiva program to determine the percentage and mean fluorescence intensity (MFI) of positive cells. The histograms plots were created with CellQuest software (BD Biosciences).
Luminex-based analysis of cytokines and chemokines
For the secretome analysis, supernatants were collected 24 h after stimulation and centrifuged at 500 g for 5 min to remove particulate debris and stored at 220°C. The analyses of the cytokines and chemokines secreted by Mfs were performed with FlexMAP 3D (Luminex, Austin, TX, USA) platform using the Human Cytokine Magnetic 30-Plex Panel kit (Thermo Fisher Scientific). The detection thresholds (in pg/ml) for particular protein were as follows: epidermal growth factor (EGF, 40), eotaxin (5) 
Phagocytosis of bacteria
To enable analysis of phagocytosis by flow cytometry, the heat-killed SA (25923; ATCC) bacteria were incubated for 30 min at 65°C in PBS containing 10 mM TOTO-3 (Thermo Fisher Scientific) and then washed 3 times with a large volume of PBS. The density of bacterial cells was measured spectrophotometrically (540 nm), and the number of cells was calculated by using previously determined standard curves (based on CFU counts). hMDMs differentiated in 24-well culture plates were incubated at 37°C with suspensions of TOTO-3 labeled bacteria in a total volume of 1 ml and the Mf: bacterium ratio 1:50. Cells without bacteria were also incubated in parallel. After 90 min of incubation, the cells were washed twice with 1 ml of ice-cold PBS. Nonenzymatically detached cells were analyzed by flow cytometry. The intensity of phagocytosis was expressed as phagocytic index: percentage of positive (with ingested bacteria) cells 3 MFI of positive population.
Phagocytosis of PMNs: elastase activity assay
A suspension of apoptotic PMNs in complete medium was incubated with hMDMs differentiated in 24-well culture plates (2.5 3 10 6 PMNs/well) for 2 h in a humidified atmosphere containing 5% CO 2 at 37°C. The monolayer was then washed vigorously with ice-cold PBS to remove nonphagocytosed PMNs, including those that were only Mf-surface associated. The Mf monolayer was lysed with 0.1% hexadecyltrimethyl ammonium bromide (CTAB) at 37°C for 15 min. Lysate (100 ml) was transferred to a 96-well plate with 4 replicates, followed by the addition of 100 ml of 1 mM solution of N-methoxysuccinyl-AlaAla-Pro-Val-p-nitroanilide in 0.2 M Tris-HCl (pH 7.5). Hydrolysis of the substrate by PMN elastase was measured as the increase in absorbance at 405 nm after incubation at 37°C for 30 min using a microplate reader (model 200; Tecan, Männedorf, Switzerland). The activity was expressed as an increase in absorbance at OD 405 nm in milliunits per minute (mOD 405 nm/min). In addition, the lysates of the macrophage monolayer, which had not been exposed to PMNs, were used in each experiment as a negative control. Routinely, Mfs alone were found negative for elastase activity.
Statistical analyses
All experiments were performed at least in triplicate. The data are presented as means 6 SEM. All statistics were calculated using Origin 8.1 (OriginLab Corp., Northampton, MA, USA). Statistical significance was assessed at 0.05 and calculated with the 1-way ANOVA.
RESULTS
Inhibition of HSP90 reduces PAMP-induced TNF secretion by human monocytes and hMDMs
The first series of experiments was designed to investigate the effect of HSP90 inhibitors on PAMP-induced TNF production by human monocytes and hMDMs. Elutriation-purified monocytes or hMDMs were cultured alone or pretreated for 30 min with cell-permeable inhibitors of HSP90: Rad, Ge, or DMAG, and then stimulated with defined PAMPs as indicated in Fig. 1 . Supernatants were collected 6 h after stimulation, and TNF was subsequently measured by ELISA. Unstimulated cells did not secrete TNF, and HSP90 inhibitors alone did not activate cytokine production (data not shown). The data presented in Fig. 1 show that inhibition of HSP90 significantly suppressed TNF production by monocytes and Mfs stimulated with defined PAMPs specific for TLR4, TLR2, or its heterodimers with TLR1 or -6, as well as TNF production induced by heat-killed bacteria SA and PG. From the data in Fig. 1 (and see also Fig. 7) , it is apparent that 17-DMAG demonstrated much higher inhibitory activity than the other Ges. 17-DMAG is a semisynthetic Ge that has been optimized for maximum cellular bioavailability necessary in human cancer therapy [32] . First, 17-DMAG is water-soluble: 1.4 mg/ml vs. 0.1 mg/ml for Ge [33] . Second, wild-type human HSP90 binds 17-DMAG with higher affinity than Ge, K d ;0.35 mM vs. K d ;1.2 mM, respectively [21, 34] .
HSP90 is expressed at the cell surface
As the presence of HSP90 on the surface of normal cells is still uncertain we extensively examined its expression by immunofluorescence staining followed by flow cytometry analysis. Using different polyclonal or mAbs we have found the expression of both HSP90 isoforms on the surface of hMDMs. Data from 1 experiment representative of 3 performed depicted in Fig. 2A clearly revealed cells positive for HSP90 (clone AC88) as well as its both isoforms: HSP90a (clone 9D2) and HSP90b (clones K3705 and K3701). Surface expression of HSP90 on monocytes was also observed with AC88 and 2D12 anti-HSP90 clones. Figure 2B summarize results from 3 independent experiments presented as MFI for specific staining in comparison to MFI of corresponding isotype controls. We also noticed positive staining of monocytes and hMDMs with Abs against an N-terminal portion of HSP90a (Fig. 2C and D) pointing at the accessibility of ATPase domain on the cell surface. In contrast, we did not observe binding of anti-HSP90 Abs clone AC88 by human neutrophils or lymphocytes (data not shown).
GeB-inhibited HSP90 are detected on the hMDM surface
In the next part of this study, we used an HSP90 inhibitor, GeB-Ge coupled to the biotin molecule, through a long, hydrophobic spacer. Using the inhibitor, we were able to label cell surface HSP90 confirming our previous immunofluorescence results. Confocal analysis of live hMDMs labeled with GeB and CF640R-conjugated anti-biotin Abs (Fig. 3A) showed that GeB-inhibited HSP90 molecules were rapidly (about 15 min) clustered on the Mf surface (top row). The finding proved that N-terminal (ATPase) domain of HSP90 is exposed to and accessible from the outside of the cell. The specificity of the observed staining was verified by analogical analysis of cells untreated with GeB and labeled with CF640-conjugated anti-biotin antibody. Confocal images presented in Supplemental Fig. 1 demonstrate some heterogeneous, low-intensity staining of control cells but significantly lower compared with that of GeB-pretreated hMDMs. After prolonged incubation (about 30 min) with GeB, HSP90 was recycled from the cell surface through the endosomal compartment and was clustered at the border of perinuclear cytoplasm (Fig. 3A , middle row). Using PKH67-green vital stain to visualize cytosolic compartment-no superposition of red and green was observed, suggesting that PKH67 and GeB stayed in different compartments (data not shown). In addition, HSP90 was detected with FITC-Ge, a construct similar to GeB, where the FITC molecule was linked through a long spacer to Ge at the C17 position. The bottom panel in Fig. 3A presents characteristic, membrane-associated, and submembrane puncta of FITC-Ge-inhibited HSP90 molecules almost identically distributed, as visualized with GeB. Clustering and recycling of Ge-inhibited HSP90 was Rac1-dependent. As shown in Fig. 3B , confocal imaging followed by quantitative analysis of the mean amount of foci per cell revealed that, pretreatment of hMDMs with NSC23766 (Rac1 inhibitor) slowed down the endocytosis and significantly diminished the FITC-Ge staining.
GeB does not penetrate the cell membrane
Structural and confocal microscopy data indicate that GeB is a cell-impermeable inhibitor and could be used to inhibit only the surface pool of HSP90 molecules. Further confocal microscopy analysis of live hMDMs incubated with GeBstreptavidin-PE was conducted (Fig. 4A) . The cell membrane was visualized with Alexa Fluor 488-conjugated anti-CD11b Abs (green rings), and it was apparent that GeB stayed outside the cells (diffuse red staining) and did not penetrate cell membranes. Because cells are nonpermeable to streptavidin, which and can bind only extracellular GeB, additional control experiments were advisable. The experimental schedule, presented in Materials and Methods, is shown in a simplified version in Fig. 4B . In brief, 2 modes of GeB binding to HSP90 were performed in parallel: live cells were incubated with GeB, then fixed and permeabilized, or cells were first fixed and permeabilized and then incubated with GeB. Subsequently, both samples were labeled with PE-conjugated streptavidin. Appropriate staining controls (i.e., cells fixed, permeabilized and labeled with PE-conjugated streptavidin, without GeB treatment) were also prepared. In fixed and permeabilized cells, where GeB freely diffused to the cell interior, the horizontal and vertical projections revealed massive staining, which can be attributed mostly to the intracellular pool of HSP90 (Fig. 4B) . A strikingly different staining pattern was observed when GeB was incubated with live hMDMs before their fixation and permeabilization (middle column). Besides clustered staining on the surface of hMDMs some signal was also observed inside the cells, but it could be attributed to endogenous biotin interfering with biotin-streptavidindetection schemes, as staining with PE-conjugated streptavidin without GeB treatment resulted in nearly identical intracellular staining pattern.
Inhibitors of HSP90 had no effect on monocyte and hMDM viability and expression of major PRRs
Because of the pronounced proapoptotic effect of the HSP90 inhibitors, we carefully studied the viability of monocytes and Mfs incubated with Rad and Ge or its derivatives. Methods discriminating 2 basic types of cell death were applied: apoptosis and necrosis. Monocytes were cultured alone (C) or treated with inhibitors of HSP90. After 5 h, monocytes were stained with annexin V-FITC and PI or for DNA nicks labeled with the TUNEL kit followed by flow cytometry analysis. As clearly indicated in Fig. 5A and B, treatment with HSP90 inhibitors did not influence early feature of apoptosis-externalization of phosphatidylserine-detected by FITC-conjugated annexin V binding. We observed annexin V + monocytes only when treated with Rad, but still the proportion did not exceed 10%. TUNEL assay, that estimate DNA fragmentation also failed to detect committed apoptosis following treatment with HSP90 inhibitors (Fig. 5B) . PI exclusion test applied to determine cytotoxic effect of HSP90 inhibitors revealed that, in control as well as in treated monocytes, the percentage of PI + cells did not exceed 2% ( Fig. 5A and B) . The advanced apoptosis was also excluded as no ladder-like DNA fragmentation was observed in monocytes (data not shown). Cells treated with SA a-toxin, a well-known inductor of apoptosis in monocytes [31] , served as a positive control, and, in similar conditions, we observed significant proportion of annexin V or TUNEL + cells and visible ladder-like DNA fragmentation. LDH release from Mfs incubated with HSP90 inhibitors was comparable to control cells and considerably lower than in supernatants from necrotic cells (positive control; Fig. 5C ).
To determine whether the observed decrease in TLRinduced cytokine production was caused by disturbance in TLR expression, we incubated hMDMs with HSP90 inhibitors for 4 h, stained with fluorescently-labeled antihuman mAbs to TLR1, -2, -4, and -6 and analyze using flow cytometry. The general HSP90 inhibitors (Fig. 6A ) as well as cellimpermeable biotinylated Ge (Fig. 6B) did not substantially change the TLR expression. The mean values calculated from all experiments performed ( Table 2 ) indicate only minor increase in TLR2 and -4 expression in case of Ge or DMAG treatment. We also verified the expression of other surface molecules present on monocytes and hMDMs that may influence or participate in TLR signaling. The results obtained for hMDMs treated with HSP90 inhibitors were expressed as a ratio to MFI measured for control, untreated cells and presented in Table 2 . We observed mild reduction of CD11b and CD81 after 17-DMAG or Ge treatment. Although Ge or 17-DMAG diminished CD11b expression on the cells, its biotinylated derivative had no effect on the expression of the analyzed molecules (Table 2) . Consequently, we assumed that diminished TNF production after treatment with HSP90 inhibitors cannot be attributed, either to reduced viability or lower expression of TLRs and their coreceptors.
Activity of cell surface HSP90 is necessary for cytokine response but not for target engulfment following pattern recognition by Mfs
Seeing that cell membrane is impermeable for GeB and GeBinhibited HSP90s are present on the surface of Mfs, we studied whether this inhibitor could affect the response of monocytes and MDMs stimulated with PAMPs. Figure 7A presents a series of experiments in which monocytes or hMDMs were cultured untreated or pretreated for 30 min with a cell-impermeable GeB, and then stimulated with PAMPs. Supernatants were collected 6 h after stimulation and TNF was subsequently measured by ELISA. The cell-impermeable HSP90 inhibitor (GeB) unexpectedly suppressed the PAMPs-induced TNF production by monocytes and hMDMs as effectively as the cell-permeable inhibitors. Likewise, FITC-labeled Ge showed an effect nearly identical to biotin-coupled inhibitor (data not shown). From the presented data, it is also apparent that serum factors play significant role in modulating the response to PAMPs after inhibition of surface HSP90 as autologous HS supplementing culture media to some extent revealed protective effect. It has also been clearly visible that the inhibitory activity of GeB was PAMP-specific. This observation is coherent with previously expressed views, which considered signaling complexes as modular and variable structures, differentially dependent on HSP90. A selected example was shown in Figure 7B where ultra pure E. coli LPS was compared to synthetic diacylated lipoprotein Pam2CSK4. Mfs are able to detect and integrate complex signals derived from molecular patterns and respond with the wide range of immunoregulatory mediators. Thus, the next purpose of the study was to perform a comparative analysis of the LPS-induced secretome of Mfs preincubated with or without cell-impermeable HSP90 inhibitor, GeB. Supernatants were collected after 24 h and cytokine content were determined with Luminex. Cytokines below the lower limit of assay sensitivity (IL-1b, IL-2, IL-3, IL-4, IL-13, IFN-g, and eotaxin) were not included in further analysis. On account of considerable variability among donors, protein secretion profile of Mfs stimulated with LPS in the presence of GeB was presented relative to control cells, stimulated with LPS in the absence of GeB. We observed that inhibition of surface pool of HSP90 resulted in moderate to significant alteration in both IL and chemokine family secretion. Specifically, we noted significant inhibition of TNF (similar to ELISA results) but also another proinflammatory cytokine: IL-6. Moreover, chemokine production was also considerably regulated. In hMDMs treated with GeB LPS-induced secretion of MCP1, MIG, and IP-10 was almost completely abrogated, whereas production of MIP-1a, IL-8, and RANTES remained unaffected or even enhanced in case of MIP-1b. Phagocytes not only define the consequences of molecular pattern recognition as either proinflammatory or antiinflammatory, but also are able to engulf recognized targets. Therefore, we used 2 kinds of particulate molecular patterns: bacteria SA as PAMPs and apoptotic PMNs as ACAMPs to outline the role of surface HSP90 in phagocytic activity of hMDMs. Phagocytosis of SA ( Fig. 7D; Supplemental Fig. 2 ) and apoptotic PMNs (Fig. 7E ) was unexpectedly not inhibited by Ge, its derivative 17-DMAG, and the cell-impermeable inhibitor GeB. Among all inhibitors used, only Rad, which is also known to inhibit c-Src kinase in a HSP90-independent manner [35] hindered the phagocytic activity of hMDMs.
Collectively, we have shown that blocking the cell-surface HSP90 pool leads to the dramatic decrease of TNF production by primary human monocytes and hMDMs exposed to wide range of soluble and particulate PAMPs. In addition, LPS-induced production of IL-6, MCP1, MIG, and IP-10 was also susceptible to inhibition of surface HSP90. In human Mfs, the functional cellsurface HSP90 was surprisingly unnecessary for the engulfment of either apoptotic neutrophils or bacteria cells. The presented data suggest that the surface HSP90 is a "signalling complex chaperone," the activity of which is indispensable for signal transduction resulting from PAMPs recognition but is not essential for the engulfment of particulate antigens.
DISCUSSION
In this report, we describe the first comprehensive immunocytochemistry studies, to our knowledge, of HSP90 on the surface of human monocytes and hMDMs. Using numerous anti-HSP90 Abs and flow cytometry analysis, we found the expression of both (a and b) HSP90 isoforms on the cell surface (Fig. 2) . Exposure of HSP90 epitopes on hMDMs and monocytes seemed to be disparate. Although, both cell types bound anti-HSP90 Abs clone AC88, only monocytes showed positive staining with clone 2D12 (Fig. 2B) . In addition, surface expression of HSP90 on hMDMs was confirmed by confocal microscopy analysis of cells labeled with anti-HSP90 Abs (data not shown). The Abs directed against the N-terminal domain of HSP90 also efficiently labeled the cell surface, which leads to the conclusion that N-terminal ATPase domain of HSP90 is accessible from the outside of the cell (Fig. 2C and D) . Our observation is consistent with reported expression of HSP90 on the surface of human monocytes determined with an antibody specific for N-terminal domain (N17) and with the proposed existence of multiple complexes comprising HSP90 and other receptors, involved in activation of immune cells by microbial patterns [6, 36, 37] . The immunofluorescence results mentioned above were confirmed in the next part of our study, in which we used one of the remarkably specific inhibitors of HSP90 -geldanamycin coupled to biotin or FITC molecule through a long, hydrophobic spacer. Confocal analysis of live hMDMs labeled with FITC-Ge or GeB and CF640R-conjugated anti-biotin Abs proved that the N-terminal (ATPase) domain of HSP90 is exposed to and accessible from outside the cells. Based on the 3D images of hMDMs, surface localization of HSP90 was unequivocally confirmed (Fig. 3A, top and bottom row). We provide the first evidence, to our knowledge, of the presence of Ge-inhibitable HSP90 on the surface of normal primary hMDMs.
From the further set of experiments using confocal microscopy analysis, we also concluded that GeB did not penetrate the cell (Fig. 4A and B) . Instead GeB bound only to a surface pool of HSP90, as we found GeB-inhibited HSP90 molecules clustered on the Mf surface (Fig. 3A, top row) . After prolonged incubation with GeB, HSP90 still did not enter the cytoplasm, it was recycled from the cell surface and accumulated in endosomes at the border of perinuclear cytoplasm (Fig. 3A, middle row) .
In the first part of this study we demonstrated that inhibition of HSP90 significantly suppressed TNF production by monocytes and Mfs stimulated with soluble and particulate PAMPs (Fig. 1) . This observation is consistent with the well-known role of HSP90 as the main chaperone of signaling machinery in the cell. A potent anti-inflammatory activity of HSP90 inhibitors has already been shown by many groups. Similar to our results, Ge and its derivatives decreased production of proinflammatory cytokines by monocytes and Mfs stimulated with LPS, Taxol, IFN-g, and mactinin, a fragment of cytoskeletal a-actinin [23] [24] [25] [26] , as well. The postulated mechanism was the inhibitor-induced dissociation of HSP90 clients-Akt kinase and IKK inhibitor-resulting in its degradation and reduction of inflammatory response [25] . However, results obtained in our study challenge the concept of cytoplasmic HSP90 as a key factor in PAMP-induced TNF production. We have demonstrated that cell-impermeable HSP90 inhibitors suppressed the TNF production as effectively as the cell-permeable inhibitors (Figs. 1 and 7A) . Moreover, secretome analysis of LPS-stimulated hMDMs indicated that inhibition of Fig. 2 . (E) After 2 h incubation with apoptotic PMNs, noningested neutrophils were removed by intensive washing of the hMDM monolayer. The cells were solubilized with detergent, and the neutrophil elastase activity was measured in lysates. The intensity of phagocytosis is expressed as mOD 405nm / min of the substrate turnover catalyzed by neutrophil-derived elastase. **P , 0.01. surface pool of HSP90 was cytokine selective. It was clearly visible that secretion of 2 major proinflammatory cytokines TNF and IL-6 was more strongly inhibited than the production of remaining proteins (Fig. 7B) . Even more diverse effect of GeB on chemokine production was observed. We noted dramatic inhibition of MCP1, IP-10, and MIG and unchanged secretion of RANTES and IL-8. In the case of particulate PAMPs recognition is often followed by their engulfment by interacting phagocytes. To our surprise, in hMDMs the functional cell-surface HSP90 was not necessary for the engulfment of either apoptotic neutrophils or bacteria ( Fig. 7D and E; Supplemental Fig. 2) . We did not observe the effect of Ge, 17-DMAG, and cell-impermeable GeB on phagocytic activity of hMDMs. Only Rad treatment resulted in pronounced reduction of both SA and apoptotic PMNs engulfment, probably related to inhibition of c-Src kinase in a HSP90-independent manner [35] . Our data are reminiscent of results demonstrating that HSP90 was not required for recombinant adhesin of Neisseria meningitis (NadAD351-405) binding to monocytes, but was nevertheless engaged in the formation of a postreceptor complex that is necessary for cell activation and the ensuing induction of cytokines [36] . In addition, the same paper provided evidence that contribution of surface HSP90 in cell activation by NadAD351-405 was selective, affecting the secretion of most, although not all, cytokines. Sidera et al. [38] described the interaction of plasma-membrane associated HSP90 with extracellular domain of receptor tyrosine kinase HER2. An anti-HSP90 antibody significantly reduced phosphorylated forms of HER2. This interaction did not affect the expression and stability of HER2 in the cell membrane, but was necessary for HER2 activation resulting in MAPK and PI3K-Akt signaling, leading to actin rearrangement and cell mobility.
Although little is known about the function and origin of phagocyte surface HSP90, it is probably externalized as a closed HSP90 dimer (molecular clamp) holding a client protein. It is tempting to speculate that in such a way HSP90 protects receptor proteins and other membrane proteins during their transport to the cell surface. Novel structural research on HSP90-client complexes seem to provide a molecular basis for the speculation. Recently Verba et al. [39] revealed that HSP90 wedging itself between 2 client kinase lobes clamps around the unfolded client domain and forms a stable ternary complex. In light of our results the chaperoning function of surface HSP90 is indispensable during pattern recognition by monocytes and Mfs, when signal transduction pathways from many heterologous receptors must be orchestrated to adjust the response.
We demonstrated that the modified response of hMDMs after treatment with HSP90 inhibitors cannot be attributed, either to reduced viability (Fig. 5) or to diminished expression of TLRs (Fig. 6 ) and their coreceptors (Table 2) . Among chaperone proteins endoplasmic HSP90 paralog, Grp94 protein, has been shown to be a master chaperone of TLRs, which determine proper posttranslational maturation and surface transport of these proteins [40, 41] . Moreover, Randow and Seed [42] presented that cell surface exposition of TLR1, -2, and -4 and also some integrins (CD11a, CD18, and CD49d) is critically dependent on functional Grp94. In addition, short treatment with HSP90 inhibitor, Ge has been described to reduce CD14 expression (by enhancement of CD14 internalization and retention within the cell) in murine Mfs J774 [43] . There is only limited data available with regard to regulation of surface expression of PRR receptors by HSP90 inhibitors in human Mfs. In our hands, 4 h incubation either with HSP90 cell-permeable inhibitors (Rad, Ge, and 17-DAMG) or cell-impermeable GeB did not cause a significant change in the surface expression level of TLR and their coreceptors.
Reassuming, the present study demonstrates that HSP90, a cytoplasmic heat shock-induced chaperone, is constantly present at the surface of human monocytes and Mfs. The cell-membrane HSP90 exposes its N-terminal (ATPase) domain, which binds specific mAbs. Such exposed HSP90 also binds Ge and that results in rapid recycling of the protein by endocytosis. For the first time, to our knowledge, we describe the translocation of cellsurface HSP90 on live hMDMs by binding of a fluorochromecoupled Ge and subsequent confocal microscopy. Selective inhibition of cell-surface HSP90 pool suppresses the inflammatory cytokine response of Mf to PAMPs. Our identification of HSP90 as a crucial regulator of cytokine response to PAMPs suggests a potential new target for the treatment of inflammatory diseases associated with pattern recognition. It will also be interesting to investigate in further studies whether the cellsurface HSP90 is externalized with client proteins. AUTHORSHIP M.B. conducted the experiments, performed analyses, and wrote the manuscript; M.Z. provided expertise in confocal microscopy and image analysis; A.N., K.B., and M.Z. conducted the experiments; J.D. provided intellectual input and revised the manuscript; K.G. designed the study, analyzed data, and wrote the manuscript.
